Globular proteins are not permanently folded but spontaneously unfold and refold on time scales that can span orders of magnitude for different proteins. A longstanding debate in the protein-folding field is whether unfolding rates or folding rates correlate to the stability of a protein. In the present study, we have determined the unfolding and folding kinetics of 10 FNIII domains. FNIII domains are one of the most common protein folds and are present in 2% of animal proteins. FNIII domains are ideal for this study because they have an identical sevenstrand ␤-sandwich structure, but they vary widely in sequence and thermodynamic stability. We assayed thermodynamic stability of each domain by equilibrium denaturation in urea. We then assayed the kinetics of domain opening and closing by a technique known as thiol exchange. For this we introduced a buried Cys at the identical location in each FNIII domain and measured the kinetics of labeling with DTNB over a range of urea concentrations. A global fit of the kinetics data gave the kinetics of spontaneous unfolding and refolding in zero urea. We found that the folding rates were relatively similar, ϳ0.1-1 s ؊1 , for the different domains. The unfolding rates varied widely and correlated with thermodynamic stability. Our study is the first to address this question using a set of domains that are structurally homologous but evolved with widely varying sequence identity and thermodynamic stability. These data add new evidence that thermodynamic stability correlates primarily with unfolding rate rather than folding rate. The study also has implications for the question of whether opening of FNIII domains contributes to the stretching of fibronectin matrix fibrils.
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Fibronectin (FN)
3 assembles into a fibrillar extracellular matrix, which is the primordial matrix in embryonic development and wound healing. The FN molecule is a dimer of 250,000-Da subunits, which are modular proteins that fold into a string of globular domains. There are three types of domains, which differ in size, structure, and the presence of internal disulfide bonds (1) . FNI and FNII domains are 5,000 and 6,500 Da, respectively, and are stabilized by internal disulfide bonds. FNIII domains are 10,000 Da and have no internal disulfide bonds.
The present study focuses on FNIII domains. The FN monomer contains 15-17 FNIII domains, depending on splicing. The domain structure is a ␤-sandwich ( Fig. 1) , with three strands on one side, four on the other, and a compact hydrophobic core (2) . First discovered in fibronectin, FNIII domains are incorporated as a folding motif in many animal proteins. Although different FNIII domains share only ϳ20% sequence identity, they all fold with the same ␤-sandwich structure. These domains have been implicated in cell adhesion, matrix assembly and elasticity, and membrane receptors and are the main focus of our present study.
FN matrix fibrils are very elastic; those in cell culture are typically stretched up to 4 times their rest length (3, 4) . The mechanism of the stretch is controversial. One hypothesis is "tension-induced domain unfolding," which proposes that individual FNIII domains unravel when the fibril is under tension (5) (6) (7) 40) . A folded FNIII domain is 3.5 nm long, and the 90 amino acids of the unfolded polypeptide chain have a contour length of 30.5 nm, providing a potential source of stretch. An alternative model proposes that the stretch involves a conformational change of the FN dimer from a compact pretzel shape to an extended form, without unfolding FNIII domains (8 -11) . To explore the mechanism of FN fibril elasticity, Lemmon et al. (12) used the technique of chemical labeling of a Cys buried in a globular domain as an indication of domain unfolding. This technique was previously developed by Johnson et al. (13) to show that tension can expose buried Cys in two isoforms of spectrin in red blood cells. In fibronectin, only FNIII 7 and 15 have a free Cys (Fig. 1 ). These two Cys are buried, and with FN in solution, they can only be labeled after denaturation (7) . Lemmon et al. (12) found that these two domains did not label in FN matrix fibrils assembled in cell culture. To explore the state of other FNIII domains, Lemmon et al. (12) created thirteen full-length mutant FNs, each containing a buried Cys in a single FNIII domain. When incorporated into cell culture matrix, 6 of the 15 FNIII domains were sufficiently open that their buried Cys could be labeled by 1-h incubation with fluorescein maleimide. The domain unfolding could be due to (a) tension-induced unfolding, (b) unfolding as part of FN-FN bond formation during fibril assembly, or (c) spontaneous unfolding and refolding of domains. Our study addresses quantitatively this third mechanism.
All globular proteins and protein domains spontaneously unfold and refold, with a very wide range of kinetics (14) . The kinetics in dilute aqueous buffer can be described by two rate constants, k u H2O for unfolding and k f H2O for folding. Three FNIII domains have been extensively studied for unfolding-folding kinetics: FNIII 9 and 10 and TNfn3, an FNIII domain from tenascin (15) (16) (17) . Recently, the unfolding and refolding kinetics of FNIII 3 have also been studied (18) . These studies monitored the unfolding by the increase in fluorescence of the single conserved and buried Trp in most FNIII domains.
An alternative to Trp fluorescence is to use a buried Cys and assay its accessibility to a thiol-reactive reagent to measure the population of the unfolded state. This approach has been termed thiol exchange (SX). In SX, the opening and closing kinetics, which are defined by the rate constant of opening (k op ) and the rate constant for closing (k cl ), determine the accessibility of the Cys to the dye. In many cases, the opening and closing kinetics correspond to global unfolding and folding; then k op ϭ k u and k cl ϭ k f . In other cases, the Cys can be exposed by subglobal or by local opening and closing, and these mechanisms need to be accounted for separately. We will use the terms k op and k cl to describe our kinetic measurements, although most domains fit a two-state global unfolding mechanism.
SX was first used by Ballery et al. (19, 20) , and it has been subsequently applied to several proteins. Each of these studies focused on a single protein and placed the Cys at different locations to determine how folding varied at different positions (21) (22) (23) . Two papers provide an excellent background for our study because they used a very similar experimental approach and interpretation (22, 23) . These studies probed unfoldingfolding at various locations in a single protein and compared it with global unfolding-folding of that protein as measured spectroscopically. Feng et al. (22) used SX to study global and local unfolding events in ferric aquomyoglobin. They introduced a buried Cys at 10 different sites in the protein, to explore how local unfolding varied over the structure. Malhotra and Udgaonkar (23) used SX to study high energy intermediate states during protein unfolding. They created four single Cys mutants at buried locations of the single-chain protein monellin.
In the present study, we have applied SX with a different strategy. We have surveyed the opening-closing kinetics of 10 different protein domains related by homology, specifically the family of FNIII domains. We have included the six domains of FN that were labeled in matrix fibrils and two that were not (12) , as well as TNfn3 and irisin, which is the ectodomain of the transmembrane protein FNDC5 (24, 25) . For this purpose, we engineered a single buried Cys at the same location in each of the FNIII domains, at the site of the natural Cys in FNIII 7 and irisin. The kinetics of Cys labeling were measured in different concentrations of urea. Most domains could be fit to a two-state model of global unfolding, but for three domains, the Cys was partially exposed by a local or subglobal unfolding. Our study provides new evidence that thermodynamic stability correlates most closely with unfolding rates.
Results

Equilibrium Studies of FNIII Domains by Trp Fluorescence
Show a Wide Range of Chemical Stability-Conventional protein folding studies use a direct spectroscopic probe to measure the fraction of folded protein in various concentrations of denaturant. Almost all FNIII domains have a single buried Trp at sequence position 22 or 23 in ␤ strand B. In folded FNIII domains, the buried Trp has an emission peak at 320 nm when excited at 280 nm. Solvent exposure of Trp by protein denaturation in urea shifts the emission peak to 350 nm. An example of these changes for FNIII 3C is shown in Fig. 2A . In 0-1 M urea, the emission peak is at 320 nm, and it shifts to 350 nm at 3 M urea, in which it is predominantly unfolded.
We determined the thermodynamic stabilities of the 11 domains in this study from Trp fluorescence urea denaturation curves. To eliminate variations due to protein concentration, we used the emission ratio 350/320 nm as a measure of the extent of unfolding. A ratio of 0.3-1.8 indicates a buried Trp; the ratio increases to 1.5-2.8 when the Trp is exposed to the solvent (12) . We fit the emission ratio versus urea concentration for each domain to a simple two-state equilibrium (see "Experimental Procedures"). Examples of Trp denaturation curves for three FNIII domains that span the stability range are shown in . The superscript D in the kinetic constants indicates that they are dependent on the concentration of denaturant. The Cys is only exposed in P O , so this population was assayed by its reaction with the thiol-reactive reagent: 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB). The major goal is to extrapolate the data to determine the rates at zero denaturant, indicated by k op H2O and k cl H2O . Our global fitting approach, developed under "Experimental Procedures," differs from that of previous SX studies, which fit individual labeling curves for each urea concentration to an exponential to obtain k obs ([urea]) (21-23). These intermediate data were then fit again to obtain thermodynamic and/or kinetic parameters for the conformational reactions. Our approach globally fits all labeling curves over the full range of urea concentrations to a model that includes the urea dependence of opening and closing.
Differential equations describing the time dependence of all species were solved either with the kinetic matrix method or by numerical integration in Mathematica TM (see "Experimental Procedures"). Global fitting of SX data can determine both thermodynamic and kinetic parameters, provided that there are sufficient data in the so-called EXX regime. In this regime, both the conformational opening and DTNB reactions contribute to the observed kinetics (Equation 16 ). However, if the conformational opening reaction is rate-determining at all urea concentrations (EX1 regime, Equation 17), k op can be determined, but not k cl or the stability. In contrast, if conformational kinetics at all urea concentrations are much faster than the DTNB reaction (EX2 regime, Equation 18), then the equilibrium constant can be determined, but not k op or k cl . With sufficient data in the EXX regime, the global fitting determines the best values of five parameters: k op , k cl , m op , m cl , and k chem .
The complete kinetics data for FNIII 2C at various urea concentrations are shown in Fig. 3 as an example of a data set and the global fitting. To obtain this data set, FNIII 2C was incubated for 10 min in buffers containing 0 -8 M urea to establish unfolding equilibrium. DTNB was then added to the protein, and the reaction was monitored by absorbance at 412 nm. At low concentrations of urea, the reaction is slow and was monitored with a spectrophotometer after manual mixing (Fig. 3A) , whereas at high urea concentrations, the reaction is much faster and required stopped-flow mixing (Fig. 3B) . The data for FNIII 2C follows the EX2 regime from 0 to 1 M urea and the EXX regime from 2 to 6 M urea, where k cl and k int are within a factor of 10 of each other. Above 6 M urea, the domain is predominantly unfolded, and the Cys is completely exposed to the dye. In this regime, no information is provided about the conformational reaction, but the labeling curves help determine k chem , which is another globally fitted parameter. The thermodynamic and kinetic parameters extrapolated to 0 M urea and the m op and m cl , fit from the complete data set, are shown in Table 1 
Most FNIII Domains Fit a Two-state Unfolding Mechanism; Some Exhibit Local or Subglobal
Unfolding-A central finding of this study is that the global opening reaction to expose the engineered Cys buried in the FNIII domains is the same as global unfolding. This finding is supported by the good fit to a two-state unfolding mechanism for most domains and the agreement between the stabilities measured by Trp fluorescence and SX (see Table 3 ). However, it is important to properly model all of the possible routes by which the Cys residues can be exposed to DTNB. In addition to global opening, Cys residues can become exposed through subglobal opening, which corresponds to a partial unfolding reaction, or they could open via local fluctuations in the structure. These three opening mechanisms are distinguishable by their urea dependence, which is greater for global unfolding, lower for subglobal unfolding, and urea-independent for local state fluctuations.
The domains whose Cys residues react exclusively via global unfolding include FNIII 3C, 6C, 7, 11C, 12C, irisin, and TNfn3. The SX data for these domains fit well to the simplest model (Equation 11). The key parameters describing the folding and unfolding kinetics of these domains are the rate constants for opening (unfolding) and closing (folding) at 0 M urea (k op H2O and k cl H2O , respectively). These parameters, which are listed in Table   TABLE 1 Parameters extrapolated to 0 M from the global fit for FNIII 2C
Fitted parameters are indicated with an asterisk; all others have been derived from the fitted parameters. The S.E. values were determined by Monte Carlo sampling of the best-fit model using the Mathematica TM NonlinearModelFit function. The parameters obtained by SX are extrapolated to 0 M for all FNIII domains studied. FNIII 2C*, FNIII 9C*, and FNIII 10C* were fit using a more complex mechanism (Equation 13). Trp(SVD) means the Trp fluorescence data were analyzed using singular value decomposition. S.E. values (see Table 1 ) are shown in parentheses. 2, are also used to determine the global stability of the domain, ⌬G op H2O . The SX data for two domains, FNIII 9C and 2C, did not fit well to a global opening alone model but did fit to a model that included an additional local opening reaction (local state fluctuations (22) ) that allows the Cys to react without global unfolding. This model is described in Equation 13 . For FNIII 2C, the model parameters include the equilibrium constant for local opening (K opL ), which is unfavorable and much less than 1 and global opening parameters k op H2O and k cl H2O (see Tables 1 and 2 ).
Parameter
FNII domain
k op k cl m op m cl ⌬G m eq k chem K opL s Ϫ1 s Ϫ1 M Ϫ1 M Ϫ1 kcal mol Ϫ1 kcal mol Ϫ1 M Ϫ1 M Ϫ1 s Ϫ1 2C* 2.7 ϫ 10 Ϫ4 (1 ϫ 10 Ϫ5 ) 4.8 (0.2) 1.1 (0.008) Ϫ0.65 (0.01) 5.9 (0.04) Ϫ1.1(0.008) 1,700 (2) 3.2 ϫ 10 Ϫ5 (7 ϫ 10 Ϫ7 ) 3C 1.9 ϫ 10 Ϫ3 (2 ϫ 10
FNIII domain Technique
The SX data for FNIII 10C did not fit well to either of these models. Instead, it was necessary use a model (Equation 14 ) that includes an additional subglobal opening (unfolding) reaction along with a global opening reaction. The rate constants for subglobal opening (k opS H2O ) and closing (k clS H2O ) define the rates at 0 M urea for this conformational reaction. The kinetics for labeling for FNIII 10C lie predominantly in the EX2 regime. This gave thermodynamics parameters, but no kinetic parameters could be obtained (see supplemental Fig. 7) .
We initially tested FNIII 1C with the Cys located on the E strand, at the position of the natural Cys in FNIII 7 and irisin. FNIII 1 is a very stable domain, as assayed by Trp fluorescence, but the kinetics of labeling of FNIII 1C were rapid and did not change with an increase in urea concentration from 0 to 2 M. The NMR structure of FNIII 1 (26) shows that the Tyr-666 in FNIII 1, the amino acid on the E strand that we changed to Cys, appears to be only partially buried. The Ile at position 668, two amino acids away, was totally buried. Hence, we created a Cys mutant of FNIII 1 at position 668. The kinetics of labeling of this mutant were also rapid and did not change with an increase in urea concentration from 0 to 3 M (supplemental Fig. 1 ). We tried fitting the data to a three-state mechanism that included a subglobal event but were unsuccessful. Attempts to fit the labeling of the Y666C mutant were also unsuccessful. We conclude that the E strand of FNIII 1 has complex unfolding/refolding kinetics involving more than one partially folded intermediate, and we have not included it in the analysis.
Reactivity of the Cys in Different FNIII Domains Varies by a Factor of 10 -
The best-fit bimolecular rate constant for the reaction of a fully exposed Cys with the thiol-reactive dye varied by a factor of 10 between FNIII domains. The k chem ranges from 1,400 s . The data points that determined these rate constants came from high urea conditions, where the protein was predominantly unfolded. According to Snyder et al. (27) , in ionic strengths Ͼ20 mM, positive charges in the flanking domains increase the reactivity of the Cys. For TNfn3, the Cys mutant has a flanking Arg, whereas for FNIII 11C, there is a flanking Glu. For most of the FNIII domains, the amino acids flanking the Cys are neutral. Thus, the wide range of k chem observed cannot be explained by electrostatics alone. However, other interactions that affect solvent accessibility of the thiol in the unfolded state may also contribute to the wide variation of k chem that we observed.
Flanking Domains Modestly Perturb the Kinetics of FNIII CSo far, we have discussed the kinetics and thermodynamics of individual FNIII domains. FNIII domains in fibronectin are flanked by neighboring FNIII domains, with which they make a significant interface (2, 28) . To study the effect of flanking domains on the kinetics and thermodynamics of individual FNIII domains, we made two multidomain constructs with a buried Cys in only one internal FNIII domain. FNIII 4 -7(6C, 7A) contained FNIII domains 4 -7, with the Cys in FNIII 6 and the natural Cys in FNIII 7 changed to Ala. Fig. 4B shows the kinetics data for FNIII 4 -7(6C, 7A). Comparing the curves for the multidomain construct with those of individual FNIII 6C (Fig. 4A) , we see that the kinetics of labeling are somewhat slower in FNIII4 -7(6C, 7A), suggesting that FNIII (6C) is slightly stabilized by the flanking domains. In addition, the kinetics of labeling in the multidomain construct had a faster burst phase (demonstrated by the rising level of the first data point) followed by a slower phase. Similar results were obtained with the multidomain construct FNIII 1-5(2C), where FNIII 2 has the buried Cys mutation (supplemental Fig. 12 ). Neither of these multi-domain constructs could be fit by a simple two-state model.
Correlation of Unfolding and Refolding Kinetics to Thermodynamic Stability-The half-lives for the closed and open states, which are more intuitive than rate constants, are plotted together on a log scale in Fig. 5 . The important general conclusion is that the open state half-lives varied Ͻ2 orders of magnitude (excluding FNIII 11C, the variation is 0.6 -6 s), whereas the closed state half-lives varied by 3 orders of magnitude. 6C) (B) . The kinetics of labeling in the multidomain construct are visibly somewhat slower than for the single domain. They were also more complex and could not be fit by our models. Fig. 6 plots the ln of k op and k cl against the unfolding ⌬G. k op is correlated with ⌬G (R 2 ϭ 0.77), whereas k cl is poorly correlated (R 2 ϭ 0.34, and it drops to 0.04 if we remove the point for FNIII 11). These observations support the conclusion that among FNIII domains, the wide variation of thermodynamic stability is due primarily to variations in folded state lifetimes.
Discussion
Opening and Closing Kinetics That Expose the Buried Cys in Most FNIII Domains Are Due to Global Unfolding and
Folding-Labeling the buried Cys can be due to global, subglobal, or local unfolding (29) . If the rate of labeling increases with denaturant concentration, then the opening event is global. On the other hand, if the rate of labeling shows no urea dependence, then the opening is due to local unfolding/fluctuations. Local unfolding is only observable if the domain is sufficiently stable. If the rate of labeling shows less urea dependence than global unfolding, then the opening is due to subglobal unfolding. For most of the FNIII domains, the rate of labeling of the buried Cys increased with increase in urea concentration (supplemental Figs. 1-11) , and the data were fitted to the two-state, global unfolding mechanism. For these FNIII domains, k u ϭ k op and k f ϭ k cl .
For FNIII domains 1C, 10C, and 9C, the rate of DTNB labeling had little or no urea dependence at low urea concentrations. However, at higher urea concentrations, the rate of labeling became strongly urea-dependent. The conventional interpretation of these results is to attribute labeling at low urea to local or subglobal unfolding reactions.
Global Fits of Thiol Reactivity Data Are More Constrained than Two-step Fits-Global fitting of SX data is a powerful method for data analysis. This approach allows simultaneous fits to a single set of parameters of a data set comprising a wide range of denaturant and thiol-reactive reagent concentrations. This allows the data to span all of the kinetic regimes, EX1, EX2, and EXX, and leads to a single and accurate estimate of the rate constant of folding and unfolding at 0 M urea. Previous analyses of SX have fit separate curves to obtain the k obs for each concentration of thiol-reactive dye and denaturant, and the separate results were then extrapolated to zero denaturant (21 There has been a debate in the literature over whether stability of protein domains is correlated primarily to the folding or the unfolding rate constant. Earlier studies, based on FNIII 9 and 10 from FN and TNfn3 from tenascin, suggested that stability correlated with the folding rate constant (15, 16, 30) . All three proteins are included in our study. These early studies focused heavily on FNIII 10, whose high stability and folding and unfolding rate constants anchored the top of the curves. In our study, FNIII 10 was completely in EX2 and therefore gave no rate constants. However, the folding rate constant for FNIII 10 determined previously (15, 16) , 155 s Ϫ1 , is now seen to be 2 orders of magnitude higher than those of the other FNIII domains and is a distinct outlier. Removing it weakens the correlations noted in these earlier studies.
The other school of thought is that the folding rate constant is affected primarily by contact order and hence topology. Plaxco et al. (31) studied a set of 12 single-domain proteins that lacked disulfide bonds and cis prolines and folded with simple two-state kinetics. They found no significant correlation between the stability of the protein and refolding kinetics. Instead, they found that the refolding rate constant was highly dependent on relative contact order, a measure of local and non-local contacts in a protein's native structure. Broom et al. (32) corroborated their result and showed that the unfolding rate constant also correlated with contact order, although less well. They concluded, "Unfolding rates correlate better with thermodynamic stability." Our study is the first to use the technique of thiol exchange to compare 10 homologous proteins sharing the same topology but widely divergent sequence and stability, and it is largely consistent with the conclusion of Plaxco et al. (31) . All FNIII domains have the same ␤-sandwich structure and hence should have very similar contact orders. Eight of them have folding rate constants that vary by a factor of ϳ10. In contrast, the equilibrium constants and hence stability vary by a factor of 5 ϫ 10 3 , similar to the 2 ϫ 10 3 range of the unfolding rate. Because the refolding rate constants are similar for all of these homologous domains, the unfolding rate constant is necessarily strongly correlated with stability.
This correlation is illustrated in Fig. 6 , which plots the ln of k op and k cl against the unfolding ⌬G. ⌬G is well correlated with ln k op , whereas correlation of ⌬G with k cl is low and becomes insignificant if we remove the point for FNIII 11.
It is worth noting that the folding rate constants for these FNIII domains are at the very slow end of small proteins and domains. Jackson (14) tabulated values for ϳ50 small proteins, and with few exceptions, k f ranged from 50 to 10,000 s Ϫ1 . For our FNIII domains, k f mostly ranged from 0.6 to 6 s Ϫ1 . Small ␤-sandwich proteins, including FN III domains and immunoglobulin domains, have a contact order between 17 and 19.7 (30) , but the immunoglobulin domains fold much faster than the FNIII. Thus, contact order is probably not the only factor that determines folding rate constants.
The FNIII domains of FN and tenascin are arranged as tandem repeats, and one might propose that the folding rates are related to the modular structure. However, irisin is the ectodomain of a transmembrane protein, and it exists as a single FNIII domain. It had a similar slow folding rate. Additional insight will be needed to determine the underlying origin of the slow folding of FNIII domains.
Biological Significance of the Wide Range of Stabilities and Kinetics-FNIII domains are topologically identical yet have a wide range of stabilities and unfolding rates. A range of stabilities, controlled by the unfolding rates, or vice versa, may be important for the physical properties of FN. The fact that cognate FNIII domains in FN from different species are well conserved raises the question of whether the unfolding rates are an evolved trait or just an accident in nature.
FNIII 11C is the most unstable domain, being unfolded 20% of the time. We suggest that this unfolded state might provide a point of flexibility. The major segment of FN comprising FNIII 2-14 has no linkers, and crystal structures of FN7-10 and FN12-14 suggest that it behaves like a rigid rod (2, 28) . FNIII 2-14 plays an important role in the compact conformation of FN (9) . To form the pretzel, a region of flexibility is required in the otherwise rigid section of the FN. The unstable FNIII 11C might provide a bending point.
Comparison of Our Refolding and Kinetics of FNIII Domains with Past
Studies-Previous studies of three FNIII domains, FNIII 10, FNIII 9, and TNfn3, have measured the kinetics at temperatures and pH values different from those used in the present study and therefore cannot be compared in detail with our numbers. However, Stine et al. (18) studied the kinetics of folding and unfolding of FNIII 3 at 23°C and pH 7.4 in guanidine using Trp fluorescence. Our SX experiments were at 25°C and pH 7.5 in urea, very similar to the conditions of Stine et al. (18) . The free energy change for unfolding was very similar for the two studies (Table 4) , although our SX value is a bit lower. However, the kinetics measured in the study by Stine et al. (18) were 30 -60-fold faster for both unfolding and folding in the guanidine/Trp study compared with our SX kinetics. This discrepancy in the rate constants might be due to the difference in probes used, but we do not have a good explanation at present.
An alternative assay of domain folding kinetics was obtained in studies that used an atomic force microscope to mechanically unfold FN or tenascin. The refolding rates were determined by relaxing the stretched polypeptide and determining the number of domains that refolded after variable lag times. For the 15 FNIII domains of tenascin, a minor component refolded at 42 s Ϫ1 , and the major component refolded at 0.5 s Ϫ1 (33) . For polyproteins of domains FNIII 12-13, the refolding was at 0.6 s Ϫ1 (6). These rates, determined by a completely different assay, agree remarkably with the slow refolding rates that we determined with SX.
Labeling FNIII Domains in Cell Culture-Lemmon et al. (12) generated FN molecules with a buried Cys in a single FNIII domain and assayed their labeling after incorporation into FN matrix fibrils. Six of the 15 FNIII domains could be labeled by fluorescein maleimide during a 1-h incubation (12) . The labeling of the domains could be due to several mechanisms: (a) tension-induced unfolding; (b) unfolding as part of FN-FN bond formation during fibril assembly; or (c) spontaneous unfolding and refolding of domains. From our study (Fig. 5) , we conclude that domains FNIII 11C and 3C are open spontaneously enough to be labeled in the 1-h labeling time. On the other hand, for domains FNIII 2C, 6C, 9C, and 12C, spontaneous unfolding cannot explain their labeling. Labeling of these domains in cell culture may be due to tension-induced unfolding or to a domain opening that occurs upon bond formation in matrix assembly. The latter seems most likely, especially for FNIII 2, which was the most stable domain to mechanical unfolding (6). 
Experimental Procedures
Protein Expression and Purification BL21 or C41 bacteria were transformed with pET15b vectors containing His-tagged individual FNIII domains with the Cys mutation introduced at the location of the natural Cys in FNIII 7 (12) . Irisin has a native Cys at the exact same location as the Cys in FNIII 7 (25) . The sequences of the FNIII domains and the locations of the Cys are summarized in Table 5 . Except for TNfn3, all domains had an N-terminal polyhistidine tag and were purified by the same procedure. A 500-ml culture in LB broth containing 1 g/ml ampicillin was grown with shaking at 37°C. When it reached an optical density of 0.6, isopropyl 1-thio-␤-D-galactopyranoside was added to a final concentration of 400 M to induce protein expression, and cells were harvested after 4 h. Cells were collected by centrifugation, resuspended in 10 ml of phosphate-buffered saline, and stored at Ϫ20°C. The bacteria were thawed, and PMSF was added to a final concentration of 4 mM. Cells were sonicated for 1 min and then put on ice for 1 min. This cycle was repeated five times. The lysed cells were then centrifuged at 30,000 rpm for 20 min in a Beckman type 42.1 rotor. The His-tagged protein was purified from the supernatant using a 4-ml cobalt column. The protein eluted with 150 mM imidazole in phosphate-buffered saline. EDTA was added to 5 mM, and the protein was dialyzed against PBS. TNfn3 was purified as described by Aukhil et al. (34) .
Protein Stability Assay by Trp Fluorescence
Almost all FNIII domains have a single buried tryptophan in the B strand. When excited at 280 nm, this Trp has an emission peak at 320 nm. Denaturation of the protein in urea exposes the Trp to solvent, and the emission peak shifts to 350 nm. We used the ratio of emission at 350/320 nm as the measure of unfolding in 0 -9 M urea. Individual FNIII domains were added to phosphate-buffered saline (1.4 mM KH 2 PO 4 , 0.14 M NaCl, 2.5 mM KCl, 5 mM NaH 2 PO 4 , pH 7.2) containing different amounts of urea so that the final concentration of protein was 1 M and that of urea was 0 -9 M. Phosphate-buffered saline, pH 7.2, was prepared by mixing salts in the specified proportion. The protein was incubated in the buffers for 10 min before the assay. A Shimadzu RF5301PC spectrofluorometer was used to measure the fluorescence emission spectrum between 300 and 400 nm, with excitation at 280 nm and slit widths of 3 nm for both excitation and emission. The ratio of emission at 350/320 nm was used as the measure of denaturation at each urea concentration. These data were fit to a simple two-state equilibrium model for protein folding and unfolding (Equation 2), (Eq. 2) where F represents folded protein, U is the unfolded protein, k u D is the rate constant for unfolding that varies with denaturant (D), and k f D is the rate constant for folding that varies with denaturant.
where K eq H2O represents the equilibrium constant for unfold-
R is the gas constant; T is temperature; ⌬G H2O is the free energy for unfolding in H 2 O (the positive value indicates that unfolding is unfavorable); and ⌬G D is the free energy for unfolding in denaturant concentration D.
Rearranging Equation 4 yields the following.
According to the linear extrapolation theory,
where D half represents the denaturant concentration where 50% of protein is unfolded; m eq is a constant defining the denaturant dependence of ⌬G (this is a negative number, meaning that higher denaturant makes unfolding favorable); and D is denaturant concentration. At equilibrium, the fraction of unfolded protein and folded protein is as follows.
Both fraction of unfolded protein and fraction of folded protein contribute to the total fluorescence signal, and these populations vary with denaturant concentration, Fluorescence intensity ϭ P U ϫ signal unfolded ϩ P F ϫ signal folded (Eq. 10) where signal unfolded represents fluorescence intensity of a completely unfolded protein and signal folded is fluorescence intensity of a completely folded protein.
The equilibrium denaturation data obtained by Trp fluorescence are fit to Equation 10 to obtain the m eq , D half , and fluo- The letters in lowercase type represent the His tag, the underlined letters represent the extra amino acids due to the cloning sites, and the native or introduced Cys is marked by bold and underline.
Domain
Amino acid sequence
rescence intensities of a completely folded and unfolded protein. We also analyzed the denaturation of FNIII 3 by singular value decomposition analysis (35) .
DTNB Is a Choice Reagent for SX
Previous work from our laboratory used 7-diethylamino-3-(4Ј-maleimidylphenyl)-4-methylcoumarin (CPM) to assay the spontaneous folding and unfolding of selected FNIII domains in solution (12) . CPM is a thiol-reactive coumarin that is very weakly fluorescent. Upon reacting with a thiol, it forms a thioether conjugate that is highly fluorescent. Thus, the labeling of thiols can be followed over time using fluorescence. Product descriptions for CPM from different vendors give different opinions on the solubility of CPM in water, from "soluble" to "partly miscible," to "insoluble." Our preliminary experiments with CPM (data not shown) showed that the maximum concentration of CPM in aqueous buffer is ϳ1.5 M. The previous study (12) used a nominal 100 M CPM concentration, resulting in an effective 1.5 M soluble CPM in all cases. For our study, we wanted the labeling reactions to be pseudo-first order, with the dye concentration Ͼ10-fold higher than the protein. Using CPM as the thiol-reactive dye would mean that the protein concentration would have to be 150 nM or lower. Hence, we used DTNB (Ellman's reagent) (36) in our work. This dye has been used extensively for thiol quantification and is soluble in phosphate buffer up to 5 mM.
Thiol Labeling to Assay Domain Unfolding-Folding
When DTNB reacts with a Cys, a displacement reaction cleaves it to form 2-nitro-5-thiobenzoic acid anion (TNB Ϫ ). This anion absorbs at 412 nm, providing a measure of the reaction.
FNIII domain and DTNB solutions were prepared separately in 50 mM phosphate buffer, pH 7.5 (14 mM KH 2 PO 4 , 37.3 mM K 2 HPO 4 ). A 10 M urea stock solution was made in 50 mM phosphate buffer, and the pH levels of urea, FNIII, and DTNB stocks were adjusted to 7.5, as described in detail (37) . Before the experiment, the FNIII domain and DTNB were diluted into the desired urea concentration to give 20 M FNIII and 200 M DTNB. The protein was incubated in the buffer containing 0 -9 M urea for 10 min before mixing. We tested the 10-min incubation for the very stable FNIII 12C. We incubated FNIII 12C in urea for 1 min, 10 min, and overnight and repeated the DTNB labeling reaction at 0 M urea, 3.5 M urea (its D half ), and 8 M urea. The labeling kinetics were identical (data not shown) with the exception of a small loss of protein to disulfides formed overnight at the higher urea concentrations.
For slow reactions, which reached a plateau after ϳ200 s, the absorbance at 412 nm was monitored with a Shimadzu UV-2401PC spectrophotometer in the kinetic mode. A quartz cuvette was used with a path length of 10 mm. 300 l of DTNB solution was added to the cuvette followed by 300 l of protein solution, each containing the same urea concentration. The final concentrations in the cuvette were 10 M FNIII and 100 M DTNB. The protein and dye were mixed by hand for 15 s in the cuvette, after which absorbance was monitored. The sample chamber was maintained at 25°C.
For fast reactions, which reached a plateau before 200 s, we used an SX20 stopped-flow instrument from Applied Photophysics. The apparatus was first rinsed with distilled water followed by urea solution in phosphate buffer. One syringe was rinsed and filled with 20 M protein solution in urea-phosphate buffer, and the other was rinsed and filled with 200 M DTNB. The concentration of urea solution used to rinse the apparatus was the same as that of the protein and DTNB solutions for a particular run. The protein and DTNB were mixed 1:1 in the stopped-flow cell to initiate the reaction. FNIII and DTNB solutions were maintained in a water bath at 25°C for 10 min before mixing, and the sample chamber was maintained at 25°C.
Models Used for Fitting Cys Labeling Data
For each protein, the data files for all urea concentrations, from both the stopped-flow apparatus and manual spectrophotometer, were imported into a Mathematica notebook. For the spectrophotometer data, a 15-s lag was added to the data set. This lag is the time before the start of data acquisition required for manual mixing. For the stopped-flow data, the first data point was subtracted from the data set to ensure that all kinetic data started at the same point. These manipulated data were combined into one data set for fitting. This data set was globally fit to one of the models shown below. Most of the data sets fit to Model 1. In this model, the buried Cys is exposed to DTNB in two ways: in the unfolded state due to global unfolding and also in the folded state due to a local structural fluctuation (LSF) (22) . The exposed Cys interacts with DTNB with the same rate con-
[DTNB] in both cases. The LSF is represented by the equilibrium constant K opL , assuming that it occurs in the EX2 regime only. LSFs are denaturant-independent.
Model 3: Subglobal Unfolding
(Eq. 14)
In this model, the buried Cys is exposed to DTNB in two ways: in the unfolded state due to global unfolding and also in the folded state due to a subglobal opening event (29 This mechanism assumes that the dye can penetrate to the Cys thiol even in the closed state, with no opening necessary at all. By this interpretation, the conformational state of the protein determines the local environment of the thiol, which in turn determines the second-order rate constant for chemistry (k chem2 D versus k chem D ). All of the rate constants vary with the addition of denaturant; hence, the superscript D. The reactivity of Cys can be very sensitive to its local environment, especially the presence of charges (38) . For instance, a perturbation of the thiol pK a of just 0.3 units would alter k chem by a factor of 2 (27) . We note that this mechanism gives mathematically equivalent reaction kinetics to the conventional local opening mechanism; the two mechanisms cannot be distinguished from SX data alone. We describe it here as an alternative mechanistic interpretation.
For Model 1, the simplest case, the observed rate constant of labeling is given by the following. 16). Although mathematically complex, this is the regime that provides the most powerful fitting of the kinetic parameters.
It is important to emphasize that we do not fit our kinetics data at each denaturant concentration to k obs D . Equations 16 -18 are presented only to emphasize the importance of the data spanning these different regimes and the different parameters obtained in each regime.
Our kinetics data obtained over a wide range of urea for a particular domain were globally fit to a model (Model 1, Model 2, or Model 3) that includes the urea dependence of opening and closing. Differential equations describing the time dependence of all species were solved either with the kinetic matrix method (39) or by numerical integration in Mathematica. For all of the FNIII domains studied here except for FNIII 10C, we used the rate matrix method. FNIII 10 was fit using Model 3 and was too com-plicated for Mathematica to fit using the rate matrix method. Hence, we used the numerical integration method to fit those data.
As an example, the differential equations describing Model 1 are presented below (see Equation 1 ). The rates of formation of P C , P O , and P-TNB are given by the following.
The kinetic matrix method represents Equations 19 -21 as a rate matrix, whose off-diagonal elements correspond to the rate constants for the reaction from the column state to the row state and whose diagonal elements are the negative sum of all other elements in the same column. The time-dependent concentrations of all species are determined from eigenvalues and eigenvectors of this rate matrix (39) .
The addition of urea shifts the equilibrium toward the open state by altering the rate constants k op D and k cl D . For a two-state process, the logarithm of the rate constants of opening and closing show a linear dependence on the concentration of denaturant ([U]), as described by Equations 23 and 24. This is the formalism used in previous SX studies (22, 23 Hence, in our fitting model we include this linear dependence. On the other hand, for FNIII 10, Equations 19 -21 were numerically integrated to obtain the population of all species as a function of time. The absorbance signal (Abs) is due to the formation of the reacted protein with DTNB (P*TNB). Thus, the detected signal is a reflection of the concentration of only this species. The maximum absorbance is reached when the population of P*TNB reaches 1 (AbsMax), so the time-dependent absorbance is as follows.
Abs t D ϭ ͑population of P*TNB͒ t D ϫ AbsMax (Eq. 25)
